INTRODUCTION
============

Cell invasion is a process tightly regulated by multiple signaling proteins, such as plasma membrane receptors, adaptors, and small GTP-binding proteins. During cancer progression, transformed cells migrate and invade surrounding tissues to form metastasis. Expression of small GTPases and their regulatory factors is frequently modulated in human cancers ([@B23]; [@B52]; [@B30]). The ADP-ribosylation factor (ARF) family of proteins has been associated with cancer progression ([@B43]). We showed that the GTPase ARF1 is overexpressed in highly invasive cancer cells and that epidermal growth factor (EGF) stimulation can activate this ARF isoform to regulate migration ([@B4]; [@B27]).

Like all GTPases, ARFs cycle between their inactive (GDP bound) and active (GTP bound) form. This process is controlled by guanine nucleotide exchange factors (GEFs), which catalyze the exchange of GDP to GTP, and GTPase-activating proteins (GAPs), which accelerate the hydrolysis of bound GTP. Six ARF genes have been identified, and ARF1 and ARF6 are the best characterized. In invasive breast cancer cells, we reported that stimulation of the epidermal growth factor receptor (EGFR) activates ARF1 in order to regulate cell proliferation and migration by affecting the phosphoinositide 3-kinase (PI3K) pathway ([@B4]). In contrast, ARF6 regulates migration and invasion by activating the mitogen-activated protein kinase pathway ([@B18]; [@B13]; [@B4]). GTPases of the Rho family, RhoA and RhoC, play a major role in several key steps of cancer progression, such as invasion ([@B47]). Depletion of RhoA or RhoC inhibits the invasiveness of M.D. Anderson-metastatic breast-231 (MDA-MB-231) cells ([@B39]; [@B56]). Positive correlation was reported between the expression level of RhoA and disease progression in breast cancer tumors ([@B16]). RhoC was also reported as a gene positively associated with metastasis ([@B49]; [@B9]).

Breaching of the basement membrane is classically associated with invadopodia. These are actin- and cortactin-rich protrusions of the cell membrane that extend into the extracellular matrix ([@B53]). Invadopodia contain metalloproteinases (MMPs) essential for proteolytic degradation of the matrix ([@B32]; [@B36]). Cells can also invade their surrounding by releasing shedding microvesicles. These are now recognized as specific structures different from exosomes, as they bud directly from the plasma membrane into the extracellular space ([@B10]; [@B34]). These plasma membrane--derived microvesicles are released from a large number of cell types, including fibroblasts, platelets, macrophages, and endothelial and tumor cells ([@B10]). They display a variable spectrum of molecules specific to the parental cell that secretes them. They are believed to facilitate cell invasion by releasing proteases important for matrix degradation, such as MMPs ([@B15]; [@B51]). MDA-MB-231 cells express 26 MMP genes, and several of these are associated with increased invasiveness ([@B19]).

Although we demonstrated that ARF1 is overexpressed in invasive breast cancer cells ([@B4]), the role of this ARF isoform in the invasion process remains unknown. Because ARF1 controls migration and proliferation ([@B4], [@B5]), we reasoned that this ARF isoform is also a key signaling effector regulating invasion. Here we demonstrate that modulation of ARF1 expression levels and activity leads to impaired invasive capacities of MDA-MB-231 cells through invadopodia maturation and shedding of microvesicles. We define the molecular circuit that governs the invasion process by showing that ARF1 plays a critical role in modulating Rho-dependent signaling events leading to regulation of myosin light chain (MLC). Furthermore, we report that knockdown of ARF1 markedly inhibits maturation of invadopodia, release of shedding microvesicles, and MMP-9 activity. Our findings reveal, for the first time, the central role of ARF1 in breast cancer cell invasion and identify a putative new target for the development of anti--breast cancer therapies.

RESULTS
=======

ARF1 controls invasion of MDA-MB-231 breast cancer cells
--------------------------------------------------------

Using the prototypical highly invasive, triple-negative breast cell line MDA-MB-231, we first investigated the extent to which ARF1 controls invasiveness by examining gelatin degradation. Scrambled and ARF1-depleted cells were seeded onto fluorescently labeled, gelatin-coated coverslips. After 16 h, cells were fixed and actin stained using rhodamine--phalloidin. In control condition, gelatin degradation was observed by the decrease of green fluorescence under and around the cells. ARF1 knockdown by two different small interfering RNAs (siRNAs) reduced the ability of the cells to degrade the matrix by 56% ([Figure 1A](#F1){ref-type="fig"}, Supplemental Figure S1A, and Supplemental Video S1). Gelatin degradation observed in ARF1 siRNA transfected cells was rescued by expression of the siRNA-resistant hemagglutinin (HA)-tagged ARF1 (Supplemental Figure S1A). Alternatively, increasing ARF1 levels did not significantly affect gelatin degradation. However, expression of a dominant-negative mutant, ARF1 T^31^N, or a constitutively active mutant, ARF1 Q^71^L, inhibited this response by 50%, suggesting that cycling of the small GTPase is important for downstream signaling leading to this response ([Figure 1A](#F1){ref-type="fig"} and Supplemental Figure S1B). Cellular invasion is also classically assessed by Transwell migration through Matrigel. This laminin-, type IV collagen--, and growth factor--enriched matrix is widely used as a mimic of basement membrane. In such an assay, a 20-h EGF stimulation increased cell invasion by 2.1-fold. Depletion of ARF1 by RNA interference significantly reduced basal as well as EGF-stimulated invasion ([Figure 1B](#F1){ref-type="fig"}). In this context, proliferation and migration were also inhibited by the depletion of ARF1, contributing to the overall effect observed (Supplemental Figure S1, C and D). Because malignant breast cells can be cultured within a three-dimensional matrix to mimic the in vivo microenvironment ([@B26]), we also assessed the role of ARF1 on cellular phenotype in a more complex setting. Similar amounts of MDA-MB-231 cells transfected with scrambled or ARF1 siRNA were first suspended in Matrigel (Supplemental Figure S1E). After 5 d, control cells formed complex stellate structures that invaded into the extracellular matrix ([Figure 1C](#F1){ref-type="fig"}, left). In contrast, cells depleted of ARF1 formed spheroid-shaped colonies similar to normal mammary epithelial cells ([Figure 1C](#F1){ref-type="fig"}, right). Taken together, these data provide evidence that ARF1 may be a key factor regulating the invasive properties of breast cancer cells.

![Modulation of ARF1 expression affects cell invasion. (A) Cells were transfected with a scrambled or ARF1 siRNA, empty vector (control), ARF1, ARF1 T^31^N, or ARF1 Q^71^L and seeded onto Alexa Fluor 488--coupled gelatin. After 16 h, cells were fixed and actin stained using Alexa Fluor 568--phalloidin. Images are representative of three independent experiments with \>100 cells examined per condition. Quantification of data are mean ± SEM of three experiments. \**p* \< 0.05, \*\* *p* \< 0.01; values are compared with control conditions. Scale bars, 20 μm. (B) MDA-MB-231 cells were transfected with a scrambled or ARF1 siRNA and seeded into Matrigel-coated Boyden chambers. Cells were left untreated (nonstimulated \[n.s.\]) or stimulated with EGF (30 ng/ml) for 20 h. Images are from the lower part of the Boyden chambers and are representative of three images taken per condition. Quantifications are mean ± SEM of five independent experiments. \*\*\**p* \< 0.001; values compared with the indicated condition. ARF1 level was assessed by Western blotting. (C) Cells were transfected as in A, and 48 h after transfection, they were seeded into Matrigel and allowed to proliferate for 5 d. Top left, magnifications showing four and three cells, respectively. Images are representative of three independent experiments with \>100 cells examined per condition. Scale bars, 100 μm.](17fig1){#F1}

Depletion of ARF1 inhibits MMP-9 activity
-----------------------------------------

Because invasion is characterized by the proteolytic degradation of the extracellular matrix, we quantified the enzymatic activity released in the extracellular media since most MMPs are secreted and subsequently activated. Here we focused on MMP-9 and MMP-2, two gelatinases expressed in MDA-MB-231 cells. First, extracellular media from control (scrambled siRNA) and ARF1-depleted cells were collected, and MMP activity was assessed by zymography assay. In conditions in which MDA-MB-231 cells were transfected with a scrambled siRNA, EGF stimulation resulted in an increase of MMP-9 activity without affecting MMP-2 ([Figure 2A](#F2){ref-type="fig"}). When ARF1 expression was knocked down, both basal and EGF-stimulated MMP-9 activities were markedly reduced. Furthermore, in these conditions, we observed the appearance of the pro-form of MMP-9 (here activated biochemically), suggesting that ARF1 can regulate MMP-9 cleavage ([Figure 2A](#F2){ref-type="fig"}). To verify that the degradation observed is due specifically to MMPs, we used batimastat (BB-94), a broad-spectrum inhibitor known to reduce invasion of MDA-MB-231 cells ([@B7]; [@B24]). After treatment of the cells with this compound, all enzymatic activity was lost, confirming the specific effect of MMPs in this experiment ([Figure 2A](#F2){ref-type="fig"}). In cell lysates, MMP-9 is found as the pro form, and depletion of ARF1 did not affect its expression as assessed by Western blot analysis ([Figure 2B](#F2){ref-type="fig"}). However, we observed that pro-MMP-9 was strongly ubiquitinated in ARF1-depleted conditions compared with control ([Figure 2B](#F2){ref-type="fig"}). In addition, mRNA levels were increased in cells transfected with the ARF1 siRNA ([Figure 2C](#F2){ref-type="fig"}). These data suggest that in ARF1-depleted conditions, pro-MMP-9 expression levels remain the same because, although mRNA levels are increased, degradation of pro-MMP-9 through the ubiquitin-proteasomal pathway is also increased.

![Modulation of ARF1 expression and MMP-9 activity. (A) MDA-MB-231 cells seeded in six-well plates were transfected with either scrambled or ARF1 siRNA. At 72 h later, cells were deprived of serum. Cells were stimulated or not for 12 h with EGF (100 ng/ml). Supernatants were collected and analyzed by zymography. A broad-spectrum inhibitor, batimastat (BB-94; 10 μM), was use to confirm the specific effect of MMPs. This experiment is representative of four others. Quantification is mean ± SEM of five independent experiments. \**p* \< 0.05, \*\*\**p* \< 0.001. (B) Cells were transfected with control siRNA or siRNA against ARF1, and pro-MMP-9 was immunoprecipitated using a specific antibody. Levels of pro-MMP-9, ARF1, actin, and ubiquitinylation was detected using specific antibodies. Middle, quantification of the levels of pro-MMP-9 and pro-MMP-9 ubiquitination as determined by Western blot analysis of whole-cell extracts. Quantifications are mean ± SEM of five experiments. \*\*\**p* \< 0.001. (C) Cells were transfected as in A, and total RNA was extracted from MDA-MB-231 with TRIzol reagent. Right, pro-MMP-9 mRNA, is representative of three experiments performed in triplicate. \*\**p* \< 0.01.](17fig2){#F2}

ARF1 regulates invadopodia maturation and microvesicle shedding
---------------------------------------------------------------

To further understand how ARF1 controlled MMP-9 activity to mediate matrix proteolysis, we examined the two main structures associated with cellular invasion: invadopodia formation and release of microvesicles. First, ARF1 was not found to localize into invadopodia of MDA-MB-231 cells (unpublished data). This observation corroborates previous work ([@B18]). Furthermore, when plated onto gelatin, similar numbers of actin and cortactin-rich invadopodia were found in control and ARF1-depleted cells ([Figure 3A](#F3){ref-type="fig"}), suggesting that ARF1 does not regulate the initial step of invadopodia formation. However, further analysis of the invadopodia, through *Z*-stack reconstructions, revealed that the structures present at the ventral surface of the cells transfected with the ARF1 siRNA were smaller than the controls, suggesting that ARF1 may be essential for the final assembly and maturation steps of invadopodia ([Figure 3A](#F3){ref-type="fig"}). To further address this issue, we examined the amount of Tks5 in invadopodia, since this adaptor protein is associated with the formation and maturation of these structures ([@B46]; [@B48]; [@B35]). As illustrated in [Figure 3B](#F3){ref-type="fig"}, Tks5 was enriched in control cells colocalizing with actin at invadopodia. However, in ARF1-depleted cells, the presence of Tks5 was reduced by 36%. These findings suggest an important role for ARF1 in the maturation of these structures ([Figure 3B](#F3){ref-type="fig"}).

![ARF1 depletion blocks invadopodia maturation. (A) Cells were transfected with scrambled or ARF1 siRNA and seeded onto nonfluorescent gelatin. After 16 h, cells were fixed and stained for actin and cortactin to visualize invadopodia. Cross sections were further analyzed through *Z*-stack. Images are representative of three independent experiments, with \>50 cells examined per condition. Scale bars, 10 μm. Quantification of invadopodia number is representative of 30 cells from three independent experiments. Quantification of invadopodia width is representative of eight invadopodia in five cells per condition from three independent experiments. \*\*\**p* \< 0.001. (B) Cells were prepared as in A and stained for actin and Tks5 to assess invadopodia maturation. Scale bars, 10 μm. Quantification of Tks5 amount in invadopodia is representative of five invadopodia in five cells per condition from three independent experiments. \*\*\**p* \< 0.001.](17fig3){#F3}

Shedding microvesicles released by MDA-MB-231 cells can be isolated by differential centrifugations of the culture media. It was reported that these vesicles, ranging from 300 to 900 nm, are present in the 10,000 × *g* fraction ([@B33]). As illustrated in [Figure 4](#F4){ref-type="fig"}, Western blot analysis revealed that ARF1 was present in that 10,000 × *g* fraction of MDA-MB-231 culture media. Ultrastructural analysis by electron microscopy confirmed the previously reported heterogeneity of these microvesicles (Supplemental Figure S2). Furthermore, immunolabeling of the whole-mount preparations confirmed that ARF1 was present within these structures and mainly associated with the membranes ([Figure 4A](#F4){ref-type="fig"} and Supplemental Figure S2). Depletion of ARF1 inhibited the release of plasma-derived microvesicles by 32% as assessed by total amount of proteins present in the 10,000 × *g* fraction ([Figure 4B](#F4){ref-type="fig"}). Treatment with inhibitors of MLC pathway, such as ML-7, a myosin light-chain kinase inhibitor, or (--)-blebbistatin, a myosin II inhibitor, also inhibited the release of plasma-derived microvesicles ([Figure 4B](#F4){ref-type="fig"}). We next examined the proteolytic activity associated with these microvesicles. We observed that MMP-9 activity was diminished in ARF1-depleted conditions ([Figure 4C](#F4){ref-type="fig"}, left). However, we found no significant effect of ARF1 depletion on the amount of MMP-9 or MMP-2 in vesicle lysates ([Figure 4C](#F4){ref-type="fig"}, right).

![ARF1 is found in shedding microvesicles and controls their release. (A) Cell culture medium was collected and centrifuged to isolate shedding vesicles. Samples of each fraction were analyzed by Western blot, and the presence of endogenous ARF1 protein was observed in the 10,000 × *g* fraction. This experiment is representative of three others (left). Shedding microvesicles isolated by differential centrifugations were embedded in Epon and examined by electron microscopy (right). The electron microscopy image on the left shows vesicles positive for ARF1, and the image on the right is the negative control (no ARF1 antibody). Scale bars, 250 nm. These images are representative of 30 others taken from three independent experiments (10 images per experiment). (B) Cells were transfected with a scrambled or ARF1 siRNA or treated with a vehicle, ML-7 (10 μM), or (--)-blebbistatin (100 μM) overnight and shedding microvesicles isolated as in A. Quantification of shedding microvesicles was performed by measuring protein content in both conditions (left). Depletion of ARF1 and level of endogenous cortactin and MHC class I was confirmed by Western blot. Results are the mean ± SEM of five independent experiments. \*\**p* \< 0.01 and \*\*\**p* \< 0.001; values compared with the control or vehicle condition. (C) Microvesicle lysates were prepared from cells transfected with a scrambled or ARF1 siRNA and subjected to zymography (left) or Western blot (right). The levels of MMP-9, MMP-2, cortactin, and MHC-class I were determined by Western blot using specific antibodies. Bottom, levels of ARF1 and actin in the whole-cell extracts detected by Western blot. Results are mean ± SEM of five experiments. \**p* \< 0.05; values compared with the control condition.](17fig4){#F4}

Together these data suggest that ARF1 may regulate matrix degradation by directly acting on the structures associated with invasiveness---invadopodia maturation and the shedding of membrane-derived microvesicles.

ARF1 is necessary for the activation of MLC, which depends on the activation of RhoA and RhoC
---------------------------------------------------------------------------------------------

Invadopodia activity, as well as microvesicle shedding, requires the phosphorylation of MLC ([@B1]; [@B33]). Inhibition of MLCK or myosin II by ML-7 and (--)-blebbistatin, respectively, has been shown to eliminate invadopodia-associated degradation ([@B1]). Furthermore, phosphorylation of MLC on Thr-18/Ser-19 residues is a step known to promote contraction of the actin-based cytoskeleton and generate the force required for microvesicle fission ([@B33]). We therefore next sought to investigate whether ARF1 could regulate MLC phosphorylation. As illustrated in [Figure 5A](#F5){ref-type="fig"}, EGF stimulation of MDA-MD-231 cells transfected with a scrambled siRNA led to sustained phosphorylation of MLC on Thr-18/Ser-19 residues. After 60 min of stimulation, phosphorylation of MLC was 2.5-fold greater than baseline, reflecting potent activity of the protein. ARF1 knockdown completely abolished EGF-induced activation of MLC to the baseline level ([Figure 5A](#F5){ref-type="fig"}). Of interest, ARF1 was not found in complex with MLC (unpublished data). Given that MLC phosphorylation is regulated by the Rho and Rho-associated kinase signaling axis ([@B2]; [@B25]), we examined whether, in invasive breast cancer cells, RhoA and RhoC controlled the activation of MLC. As illustrated in [Figure 5, B and C](#F5){ref-type="fig"}, depletion of either RhoA or RhoC completely abrogated phosphorylation of MLC. Of interest, knockdown of RhoC, but not of RhoA, inhibited MLC expression, suggesting that this isoform may regulate the function of MLC at the transcriptional level.

![ARF1, RhoA, and RhoC control the phosphorylation of MLC upon EGF treatment. (A) MDA-MB-231 cells transfected with a scrambled or ARF1 siRNA were stimulated with EGF (100 ng/ml) for the indicated times. Endogenously expressed MLC (phosphorylated and total) and ARF1 were detected by Western immunoblotting using specific antibodies. Quantifications are mean ± SEM of four independent experiments. (B, C) Cells were transfected with a scrambled, RhoA, or RhoC siRNA. As in A, P-MLC, MLC, and ARF1 were detected by Western blotting. Data are mean ± SEM of three experiments. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001; values compared with control siRNA condition.](17fig5){#F5}

Because we previously reported that ARF proteins can directly interact and modulate the activity of the small GTP-binding protein Rac1 ([@B12]; [@B27]), we hypothesized that ARF1 might act to control the activation of other GTPases such as RhoA and RhoC, thereby modulating MLC phosphorylation. First, RhoA and RhoC activation was assessed upon EGF treatment of MDA-MB-231 cells. Rapid activation of both Rho isoforms was observed after 1 min of stimulation ([Figure 6A](#F6){ref-type="fig"} and Supplemental Figure S3), followed by a sustained second phase of activation at 15 min ([Figure 6B](#F6){ref-type="fig"}). This second peak remained elevated after 1 h of stimulation, as previously reported by other groups ([@B31]; [@B17]). Depletion of ARF1 markedly reduced the activation of both small G proteins at the early and sustained time points ([Figure 6, A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}, and Supplemental Figure S3). To exclude the possibility of off-target effects of the ARF1 siRNA, we undertook rescue experiments. As shown in Supplemental Figure S3, when expressed in ARF1-depleted cells, siRNA-resistant, HA-tagged ARF1 construct was able to rescue RhoA and RhoC activity. Of importance, the effect of ARF1 depletion on RhoA/C activity was also observed in two other invasive breast cancer cell lines, SKBR3 and HCC70 (Supplemental Figure S4). Rho activation is also characterized by the translocation of these GTPases to the plasma membrane ([@B57]; [@B21]). In EGF-stimulated conditions, both RhoA and RhoC were enriched in membrane fractions at the corresponding maximal time points of their activation. In cells transfected with ARF1 siRNA, this biological response was dampened ([Figure 6C](#F6){ref-type="fig"} and Supplemental Figure S5).

![ARF1 controls Rho GTPases activation and localization. (A, B) Cells transfected with scrambled or ARF1 siRNA were stimulated with EGF (100 ng/ml) for the indicated times. Rho-GTP levels were assessed by Western blot analysis. Levels of ARF1, RhoA, RhoC, and actin protein were also determined by Western blot. (A) Early time points of EGF stimulation. Data are mean ± SEM of three experiments. (B) Longer time points of EGF stimulation. Data are mean ± SEM of three to five experiments. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001; values compared with nonstimulated control siRNA conditions. (C) Control (scrambled siRNA) and ARF1-depleted cells were stimulated with EGF (100 ng/ml) for the indicated times. Membrane fractions were prepared as described in *Materials and Methods*, and associated RhoA and RhoC were assessed by Western blotting. These experiments are representative of three and five others. β1-Integrin was used as a marker of plasma membrane and Bcl-2 as a marker of cytosol.](17fig6){#F6}

Alternatively, we assessed whether Rho GTPases could regulate the activation of ARF1. Our data show that depletion of neither RhoA nor RhoC significantly affected the early activation phase of ARF1 ([Figure 7A](#F7){ref-type="fig"}). Longer exposure to the growth factor promoted a second phase of GTP loading on ARF1, which appeared at 5 min and was sustained for \>30 min ([Figure 7B](#F7){ref-type="fig"}). Depletion of RhoA or RhoC, however, markedly reduced this second burst of ARF1 activation, suggesting that Rho GTPases have the potential to regulate ARF1 activation. To further determine whether EGF stimulation is required for Rho to modulate ARF1 activity, we overexpressed Rho mutants mimicking the active form of the GTPases and examined ARF1-GTP levels. As depicted in Supplemental Figure S6A, overexpression of RhoA Q^63^L or RhoC G^14^V did not enhance levels of active ARF1, demonstrating that EGF-dependent signaling events are necessary for activation of this small G protein. We also found that overexpression of constitutively active ARF1 Q^71^L decreases RhoA and RhoC activation (Supplemental Figure S6B), further supporting the role of ARF1 Q^71^L in gelatin degradation. The exact role of both phases of ARF1 and RhoA/C activation remains to be elucidated. In sum, our data support a role for ARF1 as an upstream regulator of RhoA and RhoC.

![RhoA and RhoC control the late phase of ARF1 activation. MDA-MB-231 cells were transfected with a scrambled, RhoA, or RhoC siRNA and stimulated with EGF (100 ng/ml) for the indicated time. The active forms of ARF1, as well as endogenous levels of ARF1, RhoA, RhoC, and actin, were analyzed by Western blot. (A) Early time points of EGF stimulation. Quantifications are mean ± SEM of three independent experiments. (B) Longer time points of EGF stimulation. Results are mean ± SEM of three to four independent experiments. \**p* \< 0.05, \*\**p* \< 0.01 are values compared with the nonstimulated scrambled siRNA condition.](17fig7){#F7}

To further investigate how ARF1 controlled Rho proteins, we sought to define whether these two classes of GTPases could be found in complex. Using coimmunoprecipitation assays, ARF1 was found associated with both RhoA and RhoC after EGF stimulation of MDA-MB-231 cells. The interaction was rapid and transient, with an early peak (1 min) and a later, more sustained phase ([Figure 8A](#F8){ref-type="fig"}), similar to what we observed for their maximal activation times. Furthermore, we assessed whether RhoA and RhoC could also be present in shedding microvesicles. Western blot analysis showed that both GTPases were enriched in the 10,000 × g fraction ([Figure 8B](#F8){ref-type="fig"}). Of interest, when RhoA and RhoC were immunoprecipitated from microvesicle lysates, they were found to interact with ARF1 ([Figure 8C](#F8){ref-type="fig"}). Because ARF1 is not present in invadopodia, we did not investigate the ability of ARF1 and Rho GTPases to interact in these structures.

![EGF stimulation promotes the association of ARF1 and Rho GTPases. (A) MDA-MB-231 cells were stimulated with EGF (100 ng/ml) for the indicated time. RhoA and RhoC were immunoprecipitated and associated ARF1 detected by Western blotting. Data are mean ± SEM of three and four experiments. \**p* \< 0.05, \*\**p* \< 0.01; values compared with the nonstimulated scrambled siRNA condition. (B) Shedding microvesicles were isolated by differential centrifugation and RhoA/C detected by Western blotting. These experiments are representative of three others. (C) RhoA and RhoC were immunoprecipitated from shedding microvesicle lysates and associated ARF1 detected by Western blotting. Control (ctl) refers to conditions in which preimmune serum was used instead of the anti-RhoA/C. MHC class 1 was used as a marker of shedding microvesicle and cortactin as a cellular marker. Results are mean ± SEM of three to four independent experiments. \*\*\**p* \< 0.001; values compared with control conditions.](17fig8){#F8}

To demonstrate that the effects observed in ARF1 depleted cells depended on Rho GTPases, we attempted to rescue the phenotypes with the active Rho mutants. It was previously reported that RhoA activation was important for microvesicle formation in human cancer cells stimulated by EGF ([@B28]). As illustrated in [Figure 9A](#F9){ref-type="fig"}, the expression of either RhoA Q^63^L or RhoC G^14^V alone or in combination was able to rescue the effect of ARF1 depletion on microvesicles shedding. Furthermore, expression of dominant-negative Rho mutants reduced microvesicle shedding ([Figure 9B](#F9){ref-type="fig"}). Similar conditions were used to examine invasion. Overexpression of dominant-negative RhoA and RhoC mutants, independently or together, significantly inhibited invasion in the Matrigel-coated Boyden chamber assay. In contrast, expression of the constitutively active mutants had the opposite effect. In conditions in which ARF1 expression was knocked down, overexpression of RhoA and RhoC active mutants rescued invasion ([Figure 9C](#F9){ref-type="fig"} and Supplemental Figure S7).

![Modulation of the Rho/MLC pathway by ARF1 controls the release of shedding microvesicles. (A) Cells were transfected with constitutively active forms of RhoA and/or RhoC (RhoA Q^63^L; RhoC G^14^V) and a scrambled or ARF1 siRNA. The release of shedding microvesicles was quantified by assessing protein contents in all conditions. Results are mean ± SEM of three independent experiments. \*\**p* \< 0.01, \*\*\**p* \< 0.001; values compared with the empty vector or scrambled siRNA (dotted line). (B) Cells were transfected with the dominant-negative mutants of RhoA and/or RhoC (T^19^N), and the release of shedding microvesicles was performed as in A. Results are mean ± SEM of five independent experiments. \*\**p* \< 0.01, \*\*\**p* \< 0.001; values compared with the empty vector control condition (dotted line). (C) Cells were transfected as in A and B and seeded into Matrigel-coated Boyden chambers. EGF (100 ng/ml) was added for a period of 20 h. Data are mean ± SEM of three experiments \**p* \< 0.05, \*\**p* \< 0.01; values compared with the control condition (dotted line).](17fig9){#F9}

Taken together, our findings suggest that ARF1 is the first upstream GTPase activated by EGFR and that this event is necessary for RhoA/RhoC activation and subsequent phosphorylation of MLC.

DISCUSSION
==========

In recent years, the role of ARF proteins in controlling key physiological responses of breast cancer cells has come to light. We showed that ARF1 and ARF6 are overexpressed in highly invasive tumor cell lines ([@B4]). Although much focus has been put on ARF6, the importance of the role of ARF1 in tumorigenesis is beginning to be recognized. The findings presented here demonstrate that ARF1 is a key player in breast cancer cell invasiveness and provide a mechanism by which this small GTPase controls this process.

ARF1 is mostly known for its role in the regulation of the secretory pathway. However, the demonstration that this ARF isoform is present at the plasma membrane and activated after receptor stimulation provides a new rationale for its role in different receptor-mediated biological functions ([@B11]; [@B4]). We showed that ARF1 controls breast cancer cell migration through regulation of the PI3K pathway and proliferation by regulating the function of pRB ([@B4], [@B5]). Here we further provide evidences that these two key physiological responses are inhibited by ARF1 knockdown. Most important, we provide new evidence that ARF1 also controls invasiveness. A role for ARF proteins in regulating MMP activity has been suggested. Increasing concentrations of brefeldin A (BFA) were reported to inhibit phorbol 12-myristate 13-acetate (PMA)-induced secretion of MMP-9 from HT 1080 fibrosarcoma cells ([@B20]). Further analysis revealed that expression of a dominant-negative mutant form of ARF1 inhibited MMP-9 secretion by 22%. Our findings demonstrate that another BFA-sensitive ARF isoform, ARF1, also regulates MMP-9 activity in tumor cells. Analysis showed that pro-MMP-9 expression was similar in control and ARF1-depleted conditions. However, the level of active MMP-9 in both the basal and EGF-stimulated conditions was markedly reduced in ARF1-knockdown cells, suggesting a key role of this ARF in the activation process. In contrast to approaches that resulted in both MMP-9 and MMP-2 inhibition ([@B29]), ARF1 depletion selectively blocked MMP-9, demonstrating specificity of this GTPase toward a particular MMP. Whether ARF1 regulates the activity of other proteases remains to be examined.

Proteolytic degradation of the basement membrane by MMP is dependent on the formation of membrane protrusions and/or release of membrane-derived microvesicles, the two key structures associated with proteolytic degradation of the extracellular matrix. In this study, we demonstrate that depletion of ARF1 markedly impaired maturation of invadopodia, as well as shedding of microvesicles. Although ARF1 does not localize to invadopodia, our data suggest that this ARF isoform might act as a molecular switch to coordinate the downstream signaling events important for this process by acting on the recruitment or function of key proteins involved in invadopodia maturation and stabilization. In contrast, we report that ARF1 can be found in shedding microvesicles. Over the years, numerous bioactive molecules, similar to the ones present in plasma membrane, have been found in microvesicles ([@B41]). These structures are known to carry signaling complexes and are considered as constituents of the tumor environment. Their role in carcinogenesis is therefore pivotal. In MDA-MB-231 cells, silencing of ARF1 reduced by 32% the amount of shedding microvesicles, suggesting that this GTPase acts, in part, to control microvesicle fission. Our data therefore indicate that ARF1 modulates breast cancer cell invasiveness by affecting the cellular structures formed to breach the matrix and associated MMP-9 activity.

Our analysis of the signaling pathway by which ARF1 controls invasion of cancer cells revealed that this particular GTPase modulates the activity of another family of small GTP-binding proteins, the Rho family. This family includes three isoforms, RhoA, RhoB, and RhoC. RhoA and RhoC are oncogenic and associated with enhanced cell proliferation and invasion, whereas RhoB has tumor suppressor properties ([@B44]; [@B55]). The roles played by RhoA and C isoforms are believed to be distinct. RhoA regulates invasion through its ability to target MT1-MMP at the invadopodia of MDA-MB-231 cells ([@B45]). Alternatively, RhoC was reported to control cofilin activity at invadopodia of MTLn3 cells, a highly metastatic rat mammary adenocarcinoma cell line ([@B6]). In MDA-MB-231 cells, ARF1, RhoA, and RhoC are highly expressed and activated upon EGF stimulation. In our cell model, we confirm that RhoA/C is also a key factor of invasion. Our results show that ARF1 controls the activity of both GTPases, thereby affecting the specific function of these two isoforms during the invasion process. This effect was further supported by the use of two other cell lines---HCC70, another triple-negative breast cancer cell line, and SKBR-3, a HER2+ breast cancer cell line---suggesting that the effect of ARF1 on RhoA/C is not cell type specific but could represent a general mechanism. It was previously suggested that ARF1 could act upstream of Rho in the context of stress fiber formation ([@B37]). By demonstrating here that ARF1 and Rho GTPases can be found in complex and that depletion of this ARF abolished the ability of an extracellular stimulus to activate Rho, we clearly show that ARF1 is an upstream regulator of Rho activity. Of interest, we observed a rapid and transient initial phase of activation, as well as a second sustained phase of activation, for both families of GTPases. The exact role of those two rounds of activation remains to be determined. Moreover, the association of the two GTPases occurs at time points at which both ARF1 and RhoA/C are maximally activated. Given that many signaling events, including EGFR internalization, occur after ligand binding, the localization of the pools of activated GTPases might differ. The second phase of ARF1 activation appears to be regulated in part by Rho activation, suggesting a feedback regulatory mechanism. Of interest, we observed the presence of RhoA/C in shedding microvesicles and demonstrated that in these structures, ARF1 and RhoA/C can be found in complex. In a previous report, RhoA was not detected in microvesicles of the MDA-MB-231 cell line ([@B28]). Our findings may be explained by a higher sensitivity of our approach.

Recently we reported that ARF1 also acts to control Rac1 activation in MDA-MB-231 cells ([@B27]). This GTPase is a member of the Rho family of small GTP-binding proteins and is well known for its role in cell migration. Together with the data we report here, these findings further support a central role for ARF1 in the regulation of this family of GTPases. First, depletion of ARF1 greatly impairs Rac1 activation, thereby limiting membrane targeting of IRSp53, cytoskeletal reorganization, and cell migration. Second, this ARF isoform controls Rho activity to regulate MLC phosphorylation, proteolytic activity, and invasiveness. By modulating Rac1 and RhoA/C activity, ARF1 acts as a central regulator of the two key features conferring the invasive phenotype of cancer cells. Furthermore, our previous work demonstrated that depletion of ARF1 leads to inactivation of the PI3K pathway in MDA-MB-231 cells ([@B4]). It is well documented that Rac1 activation can depend on PI3K activation (for a review, see [@B54]). Similarly, different groups have reported that RhoA and RhoC activation can be regulated by the PI3K/Akt signaling axis ([@B40]; [@B42]; [@B22]). Together these observations suggest that ARF1 might control Rac1 and RhoA/C activation by a mechanism involving the PI3K/Akt pathway.

Taken together, our findings demonstrate that ARF proteins are key regulators of invasion. The demonstration that ARF1 regulates invasiveness complements previous reports that highlighted the role of ARF6 in this process ([@B18]; [@B50]). This ARF isoform was reported to regulate both invadopodia formation and microvesicle shedding, although through different mechanisms ([@B18]; [@B50]; [@B33]). We previously demonstrated that in MDA-MB-231 cells, EGF stimulation activates ARF1 and ARF6 to modulate, respectively, the PI3K and Erk pathways ([@B4]). This illustrates that, although the physiological endpoint might be similar, in that case cell migration, the means by which proteins regulate the events leading to that response can be different.

Our findings uncover an unsuspected new role for ARF1 in regulating key events important for cellular invasion, revealing a new potential therapeutic target for treatment of invasive breast cancers. Gaining an understanding of the molecular mechanisms by which intracellular signaling proteins control key feature of cancer cells is crucial for the development of novel therapies.

MATERIALS AND METHODS
=====================

Reagents and antibodies
-----------------------

BD Matrigel matrix was purchased from BD Bioscience (Bedford, MA). Lipofectamine 2000, fluorescein isothiocyanate--gelatin (G13187), Alexa Fluor 488--phalloidin, rhodamine--phalloidin, and Hoechst were purchased from Invitrogen (Burlington, Canada). Anti-ARF1 was obtained from ProteinTech (Chicago, IL). Anti-cortactin, anti--myosin light chain 2, anti--myosin light chain 2 Thr-18/Ser-19, anti--pan-actin, anti-cortactin, and anti-RhoC were from Cell Signaling Technology (Danvers, MA). Anti--pro-MMP-9 (IM09L) antibody was obtained from Calbiochem (Gibbstown, NJ) and anti-MMP9 from Abcam (Cambridge, MA). Anti--major histocompatibility complex class I (H300), anti-RhoA (26C4), anti--MMP-2 (H-76), anti-Ub (P4D1), and anti-Tks5 (M-300) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). All others products were from Sigma Aldrich (Oakville, Canada).

Cell culture and transfection
-----------------------------

MDA-MB-231, SKBR3, and HCC70 cells were obtained from Sylvie Mader (University of Montreal, Canada). MDA-MB-231 and SKBR3 cells were maintained in DMEM and HCC70 in RPMI supplemented with 10% fetal bovine serum, penicillin/streptomycin (Wisent, St-Bruno, Canada). Cells were maintained at 37ºC in 5% CO~2~. Cells were transfected with DNA and/or siRNA using Lipofectamine 2000 according to the manufacturer\'s instructions. ARF1 siRNA used throughout this study was designed against part of the 3′ untranslated region and coding region of ARF1; ARF1 siRNA 2 used in Supplemental Figures S1 and S3 was designed against the C-terminal coding region. ARF1 and scrambled siRNA were synthesized by Thermo Science Dharmacon (Lafayette, CO). DNA used were pRK5, pcDNA 3.1, RhoA T^19^N-myc (gift from S. Offermanns, University of Heidelberg, Heidelberg, Germany), RhoC T^19^N-HA (Missouri S&T cDNA Research Center, Rolla, MO), ARF1-HA (gift from N. Vitale, Université de Strasbourg, Strasbourg, France), and ARF1 T^31^N and ARF1 Q^71^L (gift from J. Presley, McGill University, Montreal, Canada). For rescue experiments, ARF1-HA was transfected 24 h after introduction of the ARF1 siRNA 1.

Invasion and migration assays
-----------------------------

Cells were transfected with siRNA (72 h) and serum starved before the assay. Briefly, cells were trypsinized and seeded into Boyden chambers (24-well inserts with 8-μm pore, precoated with Matrigel). One hour after plating, cells were stimulated with EGF (30 ng/ml). After 20 h, cells were fixed using 4% paraformaldehyde and incubated with 0.1% crystal violet. Membranes were washed with phosphate-buffered saline (PBS), and cells present in the upper chamber were removed using a cotton swab. The number of cells in the lower chamber was counted manually under a phase contrast microscope. Pictures were taken using an inverted Leica microscope (Leica, Wetzlar, Germany). Relative migration was quantified using ImageJ (National Institutes of Health, Bethesda, MD). For the migration assays, the experiments were done as described, using uncoated Boyden chambers.

Three-dimensional morphogenesis
-------------------------------

Cells were plated into Matrigel-coated 48-well plate 48 h after transfection with scrambled or ARF1 siRNAs. Cultures were overlaid with media containing 2.5% Matrigel and grown for 5 d as previously done ([@B14]; [@B26]). Cell colonies were defined as being either stellate or spheroidal. A colony was deemed stellate if one or more projections from the central sphere of cells were observed. Images were taken on an inverted microscope (Leica).

Gelatin degradation
-------------------

Coverslips were coated with poly-[l]{.smallcaps}-lysine and fixed with glutaraldehyde. The slides were then covered with 500 μl of Alexa Fluor 488--coupled gelatin (0.02% porcine gelatin Alexa Fluor 488, 0.1% porcine gelatin, 0.2% sucrose; Invitrogen) for 3 h at 37°C in the dark. Slides were sterilized with ethanol, rinsed with PBS, and left in media. Cells were added and left to adhere for 16 h. The cells were then labeled with rhodamine--phalloidin and immunofluorescence observed using a confocal microscope (LSM510META; Carl Zeiss, Jena, Germany). For real-time imaging, cells were seeded onto a glass-bottom Petri dish (MatTek, Ashland, MA) in Leibovitz\'s 15 media (Invitrogen). Pictures were taken after 1 h to give cells time to spread. The ambient temperature was maintained at 37°C with a thermostated sealed chamber around the confocal microscope. Pictures were taken using a confocal microscope (LSM510META).

Microscopy
----------

The cells were fixed with PBS solution containing 4% paraformaldehyde for 15 min at room temperature and then permeabilized with a solution of DMEM containing 0.05% saponin. The slides were incubated for 1 h with a primary antibody. After several washes, the plates were incubated for 1 h in the dark in the presence of an anti-mouse or anti-rabbit Alexa Fluor 488 antibody (Invitrogen). Cells were then mounted on slides using a solution of Aqua-mount (Fisher Scientific, Ottawa, Canada) and observed using a confocal microscope (LSM510META).

Microvesicle isolation
----------------------

Cells were first seeded in 15-cm dishes. After 3 d, medium was carefully removed and subjected to differential centrifugations (800 × *g*, 10 min; 10,000 × *g*, 30 min, 100,000 × *g*, 60 min) as previously described ([@B33]). Isolated microvesicles were washed in PBS and lysed in Triton, glycerol, HEPES (TGH) buffer ([@B4]). Protein content was assessed using a bicinchoninic acid protein assay and normalized from total cell lysate (Fisher).

Electron microscopy
-------------------

The 10,000 × *g* pellet from the cell culture supernatant was fixed by immersion in 1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h and embedded in Epon (K4M CANEMCO; St-Laurent, Canada). Thin sections (70--100 nm) of pellets were mounted on nickel-coated grids. Samples were processed as previously described ([@B3]). First, the samples were incubated with 1% ovalbumin, then with the anti-ARF1 antibody for 2 h, and finally with the protein A--gold complex (10 nm) for 30 min at room temperature. Control experiments to assess the specificity of the immunogold were performed by omitting the anti-ARF1 antibody. Sections were thoroughly washed with PBS/H~2~O. Samples were counterstained with uranyl acetate and examined using a transmission electron microscope (CM 100; Philips/FEI, Hillsboro, OR).

Rho activation
--------------

Cells were transfected with scrambled or ARF1 siRNAs (50 nM), and activation of Rho was performed as previously described ([@B38]). Briefly, cells were washed with Tris-buffered saline (TBS) and lysed in 300 μl of ice-cold MLB lysis buffer (25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 150 mM NaCl, 1% Nonidet P-40, 10 mM MgCl~2~, 1 mM EDTA, 10% glycerol, and 0.3 mg/ml phenylmethylsulfonyl fluoride complemented with protease inhibitors and 1 nM sodium orthovanadate). Samples were vortexed for 10 s and spun for 10 min at 10,000 × *g*. Glutathione *S*-transferase (GST)--Rhotekin coupled to glutathione Sepharose 4B was added to each tube, and samples were rotated at 4ºC for 90 min. Beads were washed, and proteins were eluted in 25 μl of SDS sample buffer by heating to 65ºC for 15 min. Detection of Rho-GTP was performed by immunoblot analysis using a specific anti-RhoA or anti-RhoC antibody.

ARF1 activation
---------------

Cells transfected with scrambled, RhoA, or RhoC (50 nM) siRNAs were washed with TBS and lysed in 300 μl of ice-cold MLB lysis buffer. Samples were vortexed for 10 s and spun for 10 min at 10,000 × *g*. GST-GGA3 coupled to glutathione Sepharose 4B was added to each tube, and samples were rotated at 4ºC for 45 min. Beads were washed, and proteins were eluted in 25 μl of SDS sample buffer by heating to 65ºC for 15 min. Detection of ARF1-GTP was performed by immunoblot analysis using a specific anti-ARF1 antibody.

Coimmunoprecipitation
---------------------

MDA-MB-231 cells were serum starved overnight and stimulated with EGF (100 ng/ml) for the indicated times. Coimmunoprecipitation experiments were described previously ([@B12]). Briefly, cells were lysed into TGH buffer, and RhoA or RhoC were immunoprecipitated using the anti-RhoA or anti-RhoC antibody. Interacting ARF1 was assessed by Western blot analysis.

Western blotting
----------------

Cells were harvested, and total soluble proteins were run on polyacrylamide gels and transferred onto nitrocellulose membranes. The membranes were blotted for relevant proteins using specific primary antibodies (as described for each experiment). Secondary antibodies were FITC or horseradish peroxidase conjugated, and fluorescence was detected using a Typhoon 9410 scanner (GE Healthcare Life Sciences, Piscataway, NJ) or with enhanced chemiluminescence detection reagent. Quantification of the digital images obtained was performed using ImageQuant 5.2 software (GE Healthcare Life Sciences).

Gelatin zymography
------------------

Zymography assays were performed as previously described ([@B8]). To assess MMP activity in cell supernatant, cells were first serum starved for 12 h. The supernatant was recovered and concentrated using Microcon tube (Cedarlane, Burlington, Canada). Samples were mixed with nondenaturing SDS-sample buffer and migrated on a 10% polyacrylamide gel containing 0.1% gelatin. To assess MMP activity in the microvesicles, microvesicle lysates (described previously) were directly incubated with nondenaturing SDS-sample buffer and migrated on a 10% polyacrylamide gel containing 0.1% gelatin as for the whole supernatant experiments. The gel was then incubated twice for 30 min in a 3.5% Triton solution. Once the enzymes partially renatured, the gels were incubated overnight in a solution of Brij (0.02% polyoxyethylene 20 cetyl ether, 5 mM CaCl~2~, 200 mM NaCl, 50 mM Tris-HCl, pH 7.4) containing or not containing a broad-spectrum inhibitor, batimastat (BB-94; 10 μM). Gels were stained for 10 min with Coomassie blue and then washed for several hours (5% acetic acid, 10% methanol). Enzymatic activities appear as cleared bands on a dark background.

RNA extraction
--------------

Total RNA was extracted from MDA-MB-231 with TRIzol reagent (Life Technologies, Carlsbad, CA) according to the manufacturer\'s instructions. Real time-PCR was performed by the genomic platform at the Institut de Recherche en Immunologie et en Cancérologie\'s Genomics Core Facility (Montreal, Canada).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay
-------------------------------------------------------------------

The number of proliferative cells was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Briefly, cells were cultured in DMEM in 96-well plates (1 × 10^4^ cells/well), left untreated (nonstimulated), or stimulated with EGF. After 20 h, cells were incubated with 20 μl of MTT (5 mg/ml) for an additional 4 h at 37°C, after which the crystals were dissolved using a dissolving buffer (50% SDS and 50% dimethyl foramide \[DMF\]). After complete dissolution of the crystals, the absorbance at 570 nm was immediately measured on a microplate reader (Wallac Victor; Perkin Elmer, MA).

Statistical analysis
--------------------

Statistical analyses were performed using one-way analysis of variance followed by Bonferroni\'s multiple comparison tests or *t* test using Prism, version 4.0a (GraphPad, San Diego, CA).

Supplementary Material
======================

###### Supplemental Materials

This article was published online ahead of print in MBoC in Press (<http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E13-06-0335>) on November 6, 2013.

We thank D. Gingras from the electron microscopy facility of the Université de Montréal. We are grateful to Cyril Bignone (independent 3D artist, Montréal, Canada) for conception of the synthesis video and Eric Haines (Université de Montréal) for voice narration. We thank Stéphane A. Laporte (McGill University, Montréal, Canada) for the use of his confocal microscope. This work was supported by the Canadian Institutes of Health Research (MOP-106596 to A.C.). A.C. is the recipient of a Senior Scientist Award from the Fonds de Recherche du Québec-Santé.

ARF

:   ADP-ribosylation factor

EGF

:   epidermal growth factor

EGFR

:   epidermal growth factor receptor

MDA-MB-231

:   M.D. Anderson-metastatic breast-231

MLC

:   myosin light chain

MMP

:   metalloproteinase

PI3K

:   phosphoinositide 3-kinase

siRNA

:   small interfering RNA
